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Clinical Study of Patients with Deep Vein Thrombosis
Using Magnetic Resonance Imaging
The Ethics Committees at the University of Miyazaki and Koga
General Hospital approved this retrospective study of eight
patients with deep vein thrombosis (DVT) (University ofMiya-
zaki Study protocol O-0665, Koga General Hospital Approval
no. 16–14). All patients were assessed by magnetic resonance
imaging (MRI), and five of themwere treatedwith a combina-
tion of heparin and warfarin for 3 to 28 days before MRI. We
diagnosed DVT based on clinical and laboratory findings, and
imaging findings of ultrasonography, computed tomography
(CT), andMRI. Timeafter onsetwas estimated as the amountof
elapsed time from clinical symptoms to MRI acquisition. D-
dimer levels were measured using NANOPIA (Sekisui Medical,
Tokyo Japan), a latex agglutination assay kit, and the results
were expressed as micrograms per milliliter (µg/mL). The
measuringequipmentusedanautomatedcoagulationanalyzer
CP3000 (Sekisui Medical, Tokyo, Japan). The cut-off value of D-
dimer was 1.0 μg/mL.1 D-dimer testing and MRI were per-
formed on the same day in three patients, and D-dimer testing
was performed at 2 (n¼ 1), 4 (n¼ 3), or 6 days (n¼ 1) before
MRI. Twoof thepatientswereperformedofD-dimer test under
anticoagulant treatment. All patients were also assessed by
contrast-enhanced chest CTof to detect pulmonary embolism.
We acquired MR images using a 1.5-Tesla Signa Excite HDxt
superconducting system combined with a 12-channel body-
phased array coil (GE Medical Systems, Waukesha, Wisconsin,
United States). Diffusion-weighted image (DWI) in the trans-
verse plane was implemented using single-shot echo-planar
imaging short-tau inversion recovery (STIR) (TR/TE/IR, 7600/
65.3/200ms; field of view [FOV], 440� 440mm; matrix,
6� 160; slice thickness, 7mm with 1.4-mm overlap; band
width,� 125 kHz; number of excitations [NEX], 2; phase
FOV, 0.5; asset factor, 2, and b values of 0 and 1000mm2/s).
Diffusion gradients were applied along the x, y, and z axes. T1-
weighted images (T1WI) were acquired in the coronal plane
using a three-dimensional (3D)-fast spoiled GRASS two-point
Dixon sequence (TR/TE, 7.5/2.1ms; flip angle, 15°; FOV,
440� 440mm; matrix, 320� 320; slice thickness, 1mm;
band width,� 62.5 kHz; NEX, 1; phase FOV, 1.0). 3D fast
spin-echo (FSE) cube-sequence T2-weighted images (T2WI)
with fat suppression were acquired at a TR and TE of 2.000/
120ms. Other parameters included NEX, 1; echo train length,
80; and receiver bandwidth,� 31.2 kHz. The MRI parameters
included: FOV, 440� 440mm; matrix, 320� 320; and slice
thickness, 1.2mm. The axial planes of T1WIwere derived from
reconstructed 3D-T1WI, and the thickness of the axial images
was consistent with that of DWI. All images were acquired at
room temperature.

Image and Data Analysis
Thrombus volumes onT1WIwere calculatedusingOsiriXMD
v.10.0.6 32-bit.2We analyzed contrast-to-noise ratios (CNRs)
on DWI, T1WI, and T2WI, and apparent diffusion coefficient
(ADC) within regions of interest (ROIs) corresponding to
thrombi on T1WI axial slices on ADC maps (n¼ 5–31 each)
from the patients. Cursors for ROI were placed within
thrombus to measure cross-sectional areas and signal inten-
sity (SI) using Image J (U.S. National Institutes of Health,
Bethesda, Maryland, United States). We compared these
values in slices of thrombi from the inferior vena cava
(IVC), pelvic vein (n¼ 35 slices), femoral vein (n¼ 36 slices),
and vein in the lower leg (n¼ 32 slices), and in the proximal
(n¼ 51 slices) and distal (n¼ 52 slices) areas.

Experimental Animal Study of Venous Thrombus
Formation in Rabbit Jugular Vein
TheAnimal Care Committees of the participating institutions
approved the animal research protocols (Approval No. 2016–
509), which conformed to the Guide for the Care and Use of
Laboratory Animals published by the U.S. National Institutes
of Health.

►Supplementary Table S1 shows the experimental design
and sample number. Twenty-two male Japanese white rab-
bits weighing 2.5 to 3.0 kg were fedwith a conventional diet.
All surgical manipulations proceeded under aseptic condi-
tions and general anesthesia was achieved via a mixed
subcutaneous injection of medetomidine hydrochloride
(0.16mg/kg), midazolam (0.8mg/kg), and butorphanol tar-
trate (0.4mg/kg). Thrombi were induced in rabbit right
jugular veins by endothelial denudation and blood stasis as
described with a minor modification.3 A 3F balloon catheter
(Edwards Lifesciences, Irvine, California, United State) was
inserted 5 cm into the right jugular vein via a distal branch.
The endothelium of the jugular vein was denuded by inflat-
ing a balloon (air volume 0.4mL) three times and blood stasis
was induced by inflating the balloon at the proximal part for
10minutes (►Supplementary Fig. S1). The jugular veins
were visualized with MRI at 4 hours and at 1, 2, and 3 weeks
(n¼ 5–6 each) after denudation, and images were analyzed
at 3-mm intervals from the distal branching part. After MRI,
the rabbits were injected with heparin (500 U/kg, intrave-
nously), sacrificedwith an overdose of pentobarbital (60mg/
kg intravenously) for histological analysis, perfused with
50mL of 0.01mol/L phosphate-buffered saline, and perfu-
sion-fixed with 4% paraformaldehyde for histological and
immunohistochemical evaluation.

Magnetic Resonance Imaging of Rabbit Venous
Thrombus
At 4 hours and at 1, 2, and 3weeks after thrombus formation,
the rabbits were anesthetized and placed in the prone
position in a 3.0-T MRI scanner with a Vantage Titan 3T
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four-channel flex SPEEDER coil (Toshiba Medical Systems,
Tokyo, Japan). DWI were acquired in the transverse plane
using single-shot echo planar imaging with STIR sequences
(TR/TE/IR, 8000/90/233ms; FOV, 120� 120mm; matrix,
160� 160; slice thickness, 3mm, slice gap; 0.6mm; NEX,
2; speeder factor, 2; and b values of 0 and 1000mm2/s).
Diffusion gradients were applied along the x, y, and z axes.
T1WI proceeded in the coronal plane using 3D-fast spoiled
GRASS with a fat-saturation sequence (TR/TE, 38.4/5.5 ms;
flip angle, 40°; FOV, 140� 140mm; matrix, 256� 256; slice
thickness, 1mm; NEX, 1). Two-dimensional (2D) FSE se-
quence T2WI with fat suppression were acquired at a TR
and TE of 5870/90ms. Other parameters included: NEX, 1;
echo train lengths, 9. Other MRI parameters included: FOV,
140� 140mm; matrix, 256� 256; slice thickness, 1.2mm.
The axial planes of the T1W images were derived from
reconstructed 3D-T1W images, and the thickness of the axial
images was consistent with that of DWI. All images were
acquired at room temperature.

Magnetic Resonance Imaging and Data Analysis of
Rabbit Venous Thrombus
We localized jugular veins with thrombi on T1WI. We then
calculated the ratios of thrombus SI to adjacentmuscle tissue
SI in DWI, T1WI, and T2WI, and ADC values in ADC maps
within ROI corresponding to the thrombi on T1WI of axial
slices (n¼ 1–6 slices each).

Immunohistochemistry of Rabbit Venous Thrombus
Jugular veins with thrombi were fixed in 4% paraformalde-
hyde for 24 hours at 4°C, cut at 3-mm interval from the distal
branching portion corresponding to the MR images, embed-
ded in paraffin, and sectioned (3 μm) for staining with
hematoxylin and eosin (HE), Berlin blue (iron deposition),
Sirius red (collagen), and with antibodies against platelet
glycoprotein (GP) IIb/IIIa (Affinity Biologicals Inc., Ancaster,
Ontario, Canada), fibrin (Accurate Chemical & Scientific
Corp., Westbury, New York, United States), α-smooth muscle
actin (mouse monoclonal, clone 1A4; Dako, Glostrup,
Denmark), and rabbit macrophages (RAM11, Dako).4 The
sections were then stained with Envision, anti-mouse im-
munoglobulin (Ig) G secondary antibody, and horseradish
peroxidase connectedwith a polymer (Dako), or donkeyanti-
sheep IgG secondary antibody (Jackson ImmunoResearch,
Inc., West Grove, Pennsylvania, United States). Horseradish
peroxidase activity was visualized using 3,3′-diaminobenzi-
dine tetrahydrochloride, and the sections were counter-
stained with Meyer hematoxylin. Immunostaining controls
included nonimmune mouse IgG or nonimmune sheep se-
rum instead of the primary antibodies. Areas of erythrocytes,
iron, collagen, and positive immunostaining in thrombi were
analyzed using the WinROOF color imaging morphometry
system (Mitani, Fukui, Japan). Briefly, eosin-positive eryth-
rocytes and Berlin-blue-, Sirius-red-, or immunopositive
areas were extracted using specific protocols based on the
color parameters of hue, lightness, and saturation. Data are
expressed as ratios (%) of eosin-positive erythrocytes as well

as Berlin-blue-, Sirius-red-, or immunopositive regions in
corresponding areas.5 Two investigators (T.G., A.Y.) whowere
blinded to the treatment assignments analyzed themorphol-
ogy of the stained specimens.

Preparation of Blood for MRI In Vitro
We investigated the contribution of blood contents or blood
coagulation to DWI findings, using MRI of blood in vitro. The
Ethics Committee of University of Miyazaki and Koga General
Hospital approved the protocol of the study in vitro (University
of Miyazaki Study protocol O-0665, Koga General Hospital
Approval no. 19–23). Healthy volunteers provided written,
informed consent to collect blood samples from their median
cubital veins into 3.8% sodium citrate (9:1, v/v). We prepared
platelet-rich plasma (PRP),wholeblood (WB), anderythrocyte-
rich blood (ERB;with plasma removed fromcentrifuged blood)
and assessed the samples by MRI under coagulated and non-
coagulated conditions in vitro (►Supplementary Fig. S2). PRP
and platelet-poor plasma samples were centrifuged at 130� g
for10minutesandat1,400� g for10minutes, respectively. The
centrifuged blood without plasma was diluted 1.5-fold with
platelet-poor plasma. Blood cells were counted using an XE-
1800i, blood cell counter (Sysmex, Kobe, Japan). Portions
(1.2mL) of WB, PRP, and ERB were transferred to 1.5-mL
Eppendorf tubes, then clotting was induced using 150 μL of
human placental tissue factor (Thromborel S; Sysmex) and
150μL of CaCl2 (100mM). Noncoagulated blood was added
to 300 µL of phosphate-buffered saline, as the control. Two
minutes after initiating coagulation, the coagulated and non-
coagulated blood samples (1.5mL) were assessed using a 1.5-
Tesla MRI system.

Magnetic Resonance Imaging of Blood In Vitro
Eppendorf tubes containing blood samples were placed in a
7.5% agarose gel phantom in the 1.5-Tsuperconducting system
using an eight-channel knee-phased array coil (Signa Excite
HDxt; GE Medical Systems). DWI was implemented in the
transverseplaneusing single-shotechoplanar imaging (TR/TE,
8000/97ms); FOV, 280� 280mm; matrix, 160� 160; slice
thickness, 4mm; slice gap, 0.8mm; NEX, 4; asset factor, 2;
and b values of 0 and 1,000mm2/s). Diffusion gradients were
applied along the x, y, and z axes. 2D spin echo sequence T1WI
were acquired at a TR and TE of 600/10ms, NEX, 2. 2D fast spin
echo sequence T2WI were acquired at a TR and TE of 1.000/
51.4ms, NEX, 1; echo train length, 3. Other MRI parameters
included FOV, 280� 280mm; matrix, 384� 384; slice thick-
ness, 4.0mm; slice gap, 0.8mm. All images were acquired at
room temperature.

We calculated the SI ratio of thrombus to that of the
adjacent agarose gel phantom in DWI, T1WI, and T2WI, and
ADCvalues in ADCmapswithin ROI in axial slices of the tubes
(n¼ 9 each).

Statistical Analysis
All data are presented asmedians and ranges or interquartile
ranges or as means� standard deviation. Differences for
individual groups were tested using Mann–Whitney U tests
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or one-way analysis of variance with multiple comparison
tests (GraphPad Prizm 5.01, GraphPad Software Inc., San
Diego, California, United States). Relationships between
parameters were analyzed using Spearman’s rank correla-
tion coefficients. Values with p< 0.05 were regarded as
statistically significant.

Supplementary Table S2 Clinical Information of each patient with DVT

Case Age (y),
gender

Symptom
of lower
extremities

Background Location of DVT D-dimer
(μg/mL)

US Contrast CT MRI

Lower extremities Chest

1 50s, M Redness
Swelling

Chemotherapy
state for colon
cancer

Not performed Both illac,
Both femoral

Right PA IVC, Both illac,
Both femoral,
Left lower leg

172.5

2 80s, F Redness
Swelling

Chronic
renal failure

Left femoral Not performed Not performed IVC, Left illac,
Left femoral

42.6

3 60s, F Redness Pancreatic
cancer
(POD 27)

Not performed Both illac,
Left femoral,
Left lower leg

Not detected Left illac 19.5

4 60s, F Redness
Swelling

ANCA-related
vasculitis

Both lower leg Not performed Not performed Both lower leg 2.7

5 60s, F Incidental Acute gastric
hemorrhage

Right femoral
and lower leg

Not performed Right PA Right lower leg 4.5

6 60s, M Statis
dermatitis

None Not performed Right femoral
and lower leg

Right PA Both lower leg 6.9

7 70s, F Swelling History of
DVT/PE
(9 years ago)

IVC, Right illac,
Right femoral

IVC, Both illac,
Right illac,
Right femoral,
Right lower leg

Both PA IVC, Both illac,
Right illac, Right
femoral, Right
lower leg

32.2

Second MRI Both illac, Right femoral,
Right lower leg

8.7

8 20s, M Incidental Not detected Not performed Not performed Left lower leg 1.1

Abbreviations: CT, computed tomography; DVT; deep vein thrombus; IVC, interior vena cava; MRI, magnetic resonance imaging; PA, pulmonary
artery; PE, pulmonary embolism; POD, postoperative day; US, ultrasound.
Note: MRI was performed on Case 7 twice. The first MRI of Case 7 was performed onT1-weithted images and T2-weighted images, without diffusion-
weighted images.

Supplementary Table S1 Design of rabbit DVT model

Time after DVT initiation 4 h 1 wk 2 wk 3 wk

Number of rabbit (n¼ 22) 6 6 5 5

Number of MR images of DVT (n¼ 79) 28 20 15 16

Number of histological sections (n¼ 79) 28 20 15 16

Abbreviations: DVT, deep vein thrombosis; MR, magnetic resonance.
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Supplementary Table S3 Relationships between signal intensity on MR sequences and histological areas

DWI CNR ADC T1WI CNR T2WI CNR

CC p CC p CC p CC p

Erythrocytes (%) 0.65 < 0.0001 –0.48 < 0.0001 0.13 0.24 0.34 < 0.01

Fibrin (%) 0.32 < 0.01 0.10 0.40 0.24 < 0.05 0.20 0.08

Platelets (%) 0.05 < 0.05 0.12 0.31 0.32 < 0.01 0.21 0.06

SMC (%) –0.56 < 0.0001 0.48 < 0.0001 0.07 0.54 –0.19 0.09

Macrophage (%) –0.62 < 0.0001 0.48 < 0.0001 –0.07 0.55 –0.20 0.07

Fe3þ (%) –0.42 < 0.0001 0.40 < 0.001 –0.03 0.76 –0.11 0.35

Collagen (%) –0.54 < 0.0001 0.36 < 0.01 –0.15 0.18 –0.17 0.14

Abbreviations: ADC, apparent diffusion coefficient; CC, correlation coefficient; CNR, contrast-to-noise ratio; DWI, diffusion-weighted imaging; MR,
magnetic resonance; SMC, smooth muscle cells.

Supplementary Fig. S1 Preparation of rabbit jugular vein thrombus model. (1) Balloon catheter (3F) inserted 5 cm into right jugular vein via
distal branch is inflated three times (airvolume,0.4 mL) to denude endothelium of jugular vein. (2) Blood stasis is induced by balloon inflation at
the proximal portion for 10 minutes. (3) Removal of balloon catheter.

Supplementary Fig. S2 Preparation of human venous blood samples for MRI in vitro. Blood sample is separated into platelet-rich plasma, whole
blood, and erythrocyte-rich blood by centrifuging. Each blood content is transferred to Eppendorf tubes with or without clotting. MRI, magnetic
resonance imaging.
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Supplementary Fig. S3 Thrombus volume in rabbit jugular vein
measured on T1-weighted images at 4 hours, and 1, 2, and 3 weeks.
Thrombus volume at 4 hours is significantly larger than at 2 and
3 weeks. �p< 0.05, †p< 0.001 (Kruskal–Wallis test with Dunn’s
multiple comparison test).
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Supplementary Fig. S4 Time-dependent macroscopic changes in rabbit jugular venous thrombi. Representative macroscopic findings of rabbit
jugular vein thrombi at 4 hours, and at 1, 2, and 3 weeks. Fixed thrombus is largest at 4 hours and reduces in size overtime. Thrombus is dark red
at 4 hours and gradually becomes brown to yellow from wall side. Thickness of venous wall increases at 2 and 3 weeks after thrombus formation
and border between thrombus and venous wall becomes blurred at 3 weeks.
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Supplementary Fig. S5 MR imaging of coagulated blood in vitro.
Representative axial MR images of coagulated blood in Eppendorf
tubes. Human venous blood containing sodium citrate was separated
into WB (Ht 37%), PRP (Ht 0.1%), and ERB 1 (Ht 58%) and 2 (Ht 79%).
Blood was coagulated using human placental tissue factor and CaCl2
solution. Blood (except for PRP) SI on DWI increases, whereas ADC
decreases depending on hematocrit. Platelet-rich plasma has high SI
on T1WI and T2WI compared with other types of processed blood.
Signal intensity is similar among WB, ERB 1, and ERB 2 on T1WI and
T2WI. ADC, apparent diffusion coefficient; DWI, diffusion-weighted
imaging; ERB, erythrocyte-rich blood; Ht, hematocrit; MR, magnetic
resonance; PRP, platelet-rich plasma; T1WI, T1-weighted image;
T2WI, T2-weighted image; WB, whole blood.

Thrombosis and Haemostasis

Diffusion-Weighted Imaging on Deep Vein Thrombosis Gi et al.



Supplementary Fig. S6 ADC of platelet-rich plasma, whole blood, and ERB 1 and 2 with or without clotting. Sodium citrate added human venous
blood was separated into samples (n¼ 9 each) of whole blood (Ht 37%), PRP (Ht 0.1%), and ERB 1 (Ht 58%) and ERB 2 (Ht 79%). Blood was
coagulated using human placental tissue factor and CaCl2 solution. (Kruskal–Wallis test with Dunn multiple comparison tests). ADC, apparent
diffusion coefficient; ERB, erythrocyte-rich blood; Ht, hematocrit; PRP, platelet-rich plasma; WB, whole blood.
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